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Peer-reviewed paper

The Effect of Broadleaf Canopies on Survey-grade
Horizontal GPS/GLONASS Measurements
Thomas H. Meyer, John E. Bean, C. Roger Ferguson,
and James M. Naismith
ABSTRACT: A study was conducted to empirically determine the degradation of survey-grade GPS horizontal position measurements due to the effects of broadleaf forest canopies. The measurements were
taken using GPS/GLONASS-capable receivers measuring C/A and P-codes, and carrier phase. Fourteen
survey markers were chosen in central Connecticut to serve as reference markers for the study. These
markers had varying degrees of sky obstruction due to overhanging tree canopies. Sky obstruction was
measured by photographing the sky with a 35mm reflex camera fitted with a hemispherical lens. The
negative was scanned and the image mapped using an equal- area projection to remove the distortion
caused by the lens. The resulting digital image was thresholded to produce a black-and-white image
in which a count of the black pixels is a measure of sky-area obstruction. The locations of the markers
were determined independently before the study. During the study, each marker was occupied for four
20-minute sessions over the period of one week in mid-July, 1999. The location of the study markers produced relatively long baselines, as compared with similar studies. We compared the accuracy of GPS-only
vs. GPS&GLONASS as a function of sky obstruction. Based on our results, GLONASS observations did
not improve or degrade the accuracy of the position measurements. There is a loss of 2mm of accuracy
per percent of sky obstruction for both GPS only and GPS&GLONASS.

M

Introduction

ensuration techniques employed
by land surveyors now include GPS
measurements on a regular basis.
GPS offers many attractive features to surveyors
including that there need be no line-of-sight
between baseline markers, receivers work in total
darkness and in inclement weather, baselines can
be of any length, subject to satellite inter-visibility
restraints, and first-order accuracy, or even better,
can be achieved as a matter of course. With realtime kinematic (RTK) technology it is possible
to achieve centimeter-level positional accuracy
in seconds under good conditions (Talbot 1993).
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These features and others have made GPS surveying an attractive alternative to opto-mechanical
methods for many situations.
With the widespread use of GPS for surveying,
we need to consider its accuracy in less than ideal
conditions. This study concerns itself with the
effects of vegetation interfering with the GPS
signals. Although this study was conducted in the
hardwood forests of New England, this interference is a matter of general concern. Much of the
eastern United States is covered in forests and,
even in the desert west, urban forestry has ensured
that many surveyors will have to cope with taking
GPS measurements beneath tree canopies at one
time or another. The purpose of this study is to
extend our knowledge in this area.
The accuracy of GPS position measurements
can be reduced by vegetation obstructing the sky.
The factors contributing to this problem include
position dilution of precision (PDOP), multipath,
cycle slips, and signal-to-noise ratio reduction.
The PDOP is a numerical measure of the quality
of the satellite geometry; the greater the number,
the poorer the geometry. Ideally, one would have
three satellites, say, 20 degrees above the horizon
and distributed evenly around the horizon plus a
fourth satellite at the zenith. The worst configura-
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Figure 1. The study area in central Connecticut. [CENTRAL, PLANT, and PUGLISI are the HARN reference marks used for control.
treeNE, treeNW, and treeSE are too close together to display as being distinct points.]
tion is to have all visible satellites bunched into one
small area of the sky. Forest canopy increases PDOP
by obstructing signals from satellites nearer the
horizon and by reducing the number of satellites
visible at any given moment (Decert and Bolstad
1996a; Deckert and Bolstad 1996b; Næsset et al.
2000; Næsset 1999). Multipath can be a prime
source of accuracy degradation in a wooded environment, and its general effect was explored by
(Schaal and Netto 2000). Cycle slips are caused by
vegetation intermittently blocking the signals from
previously acquired satellites, which leads to a loss
of lock. Cycle slips can introduce integer shifts into
the solution of the integer ambiguity problem by
causing offsets from the true distance from the
receiver to the satellite (Leick 1995). A theoretical treatment of the error budget can be found in
standard texts such as Leick (1995) and HofmannWellenhof et al. (1997).
Studies have documented the effect of forest canopies degrading GPS measurements for mappinggrade receivers (Kruczynski and Jasumback 1993;
Deckert and Bolstad 1996a; Deckert and Bolstad
1996b), survey-grade receivers (Næsset 1999), with
GPS vs. GPS/GLONASS scenarios in urban canyons (Chiusano 2000), and in forests (Næsset et
216

al. 2000). This study continues these investigations
by considering the effect of hardwood forests on
survey-grade, GPS vs. GPS/GLONASS measurements, but for relatively long baselines. We also
will introduce a novel technique to determine the
percent of sky obstructed.

Methods
We chose the central region of Connecticut for our
study area (Figure 1). This region is a patchwork
of urban and forested lands cut by many valleys
and ridges (Stephens 1976; Civco 1999) with an
“intermingling of towns and trees [that] was termed
a ‘suburban forest’ “ (Hicock 1957). It is not difficult in this area to find survey markers with a
wide variety of sky obstructions due to overhanging tree canopies. Because of the goal of this study
we selected markers whose view of the sky was not
obstructed by topography but, rather, blocked
mostly by vegetation. Forest compositions in
Connecticut can be very diverse, given that there
are more than 50 tree species to be found in 24
local forest types (Kingsley 1974; Stephens 1976).
It was not possible to identify every tree that is visible from each marker. For the most part, however,
Surveying and Land Information Science

Figure 2. Low amount of sky obstruction (5.61 percent).

the vegetation obstructing the sky consisted of
hardwood trees and other deciduous plants.
Three types of GPS receivers were used: Trimble
4000SSE’s, Javad (now Topcon Positioning
Systems) Regency and Javad Legacy. All receivers
are dual-frequency and they receive C/A-code, Pcode, and carrier phase. The Javad receivers also
receive the Russian GLONASS signals.
We used compact dome antennas with ground
planes on slip-leg tripods with the Trimble receivers. Slant antenna heights were measured from the
marker to the ground plane using Trimble H.I.
rods. Antenna heights were recorded at the beginning and end of each occupation at three places
around the edge of the ground plane. If the H.I.
measurements differed by more than a millimeter,
the antenna was re-leveled and re-centered before
measurements were collected. In no case was there
any evidence that an antenna shifted during a session. The Javad receivers all used LegAnt antennas
mounted on two-meter, fixed, height range poles
whose plumb was checked before and after each
session. We chose a 15-degree elevation mask,
which seems appropriate for a wooded environment. We decided to not use choke rings antennas
since they would have been superfluous, eliminating multipath from satellites below the mask.
This study used a novel method of measuring
percent sky obstruction. We photographed the sky
using a 35mm reflex camera fitted with a hemispherical lens. The camera was mounted on a
tripod that was positioned above each marker, with
the camera pointed at the zenith (Figures 2, 3, 4,
and 5). The photographic negative was scanned
and then mapped to an equal-area projection to
Vol. 62, No. 4

remove the distortion caused by the lens (Chazdon
and Field 1987). The result was thresholded to
produce a black-and-white digital image in which
a count of the black pixels divided by total pixels
is a direct measure of percent sky-area obstruction.
We used the entire image from horizon to zenith.
Although using the entire image may over-estimate
the obstruction in some sense due to low satellites
being ignored because of the elevation mask, it is
repeatable and not mission specific. Based on this
methodology, our study markers had sky obstructions ranging from 1.2 percent obstructed to 98.6
percent obstructed (Table 1 and Figure 6).
We measured the horizontal position of eleven
permanent brass cap benchmarks and three newly
created markers for this study. The benchmarks
were chosen for reasonably easy access, good stability, and a variety of sky obstructions (Table 1
and Figure 6). None of the existing markers were
“heavily” obstructed by forest canopy so we judged
that their position could be reliably determined
using relatively long GPS occupations compared
with the study occupation duration of 20 minutes.
The three new markers were deliberately located
beneath the canopy of mature trees that all but
completely obscured the sky. We measured the
position of these markers using total stations to
eliminate the effects of the canopies on the position determination.
Three HARN (NAD83-92) stations were occupied for control: PLANT LX5210 (Avery Point,
CT), PUGLISI LX7656 (Wethersfield, CT), and
CENTRAL LW0418 (North Central State Airport,

Figure 3. Medium amount of sky obstruction (42.39 percent).
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Figure 4. High amount of sky obstruction (88.31 percent).

R.I.). These stations surround the study area, with
the approximately 60 km baseline to CENTRAL
being the longest. Figure 1 shows a map of the
markers and the study area.
In the study, each marker was occupied four
times over the course of one week in mid-July,
1999. We had two receivers occupying HARN control stations at all times during the sessions, rotating through the stations each day. The 11 study
markers were divided into two groups of seven
and five markers, respectively. This organization
gave rise to seven data collection sessions per day.
The first five sessions had two receivers running
concurrently at both study markers, but the last
two sessions had only one. This asymmetry was an
unavoidable consequence of logistics, so the last
two sessions of every day have one baseline less in
them than the others. Every session was 20 minutes
long with 15-second epochs beginning and ending
at the same time each day, minus four minutes per
day to account for constellation precession. Thus,
although we did not try to control multipath, we
218

had the same constellation geometry for each
session in an attempt to have identical conditions
each day. A vector network for a typical session is
shown in Figure 7.

Results
All processing was done with Javad Positioning
System’s Pinnacle version 1.00 using a 15 degree
elevation mask. We adopted a processing strategy that was entirely automatic, with no human
judgement calls. To whit, no attempt was made to
eliminate trivial baselines (Wilkie 1995), no satellites were eliminated from processing due to large
differencing residuals, and all vectors flagged as
blunders by the software (95 percent confidence
with respect to the local geodetic horizontal North/
East/Up (NEU) coordinate system were automatically rejected from the network. All networks
passed control tie and loop misclosure analyses.
Surveying and Land Information Science

Figure 5. High amount of sky obstruction (98.02 percent).
All GPS vectors were processed with precise
ephemerides obtained from the National Geodetic
Survey’s web site (http://www.navcen.uscg.mil/GPS/
precise/default.htm). No GLONASS precise ephemerides were found that could be processed by
the Pinnacle software. After discussions with the
Pinnacle support staff and no responses from the
parties responsible for producing the GLONASS
precise ephemerides, we resigned ourselves to the
practical reality that no GLONASS precise ephemerides were available to us.
Horizontal positions were computed in CT
SPCS83 0600, meters. To assess positional accuracy we statistically tested the horizontal position
determined by the study adjustments compared to
our control values. The mean easting and northing of the four sessions were computed along with
an estimation of their variance. We tested the
null hypothesis that the mean values equal the
control values. In all cases we failed to reject the
null hypotheses and conclude that the adjustment
process succeeded in producing repeatable coordinates consistent with our control values.

Degradation of Accuracy with Percent
Sky Obstruction
Figures 8 and 9 show plots of the 1-s accuracy of
our study positions, with eastings denoted by a
dot-dashed line with data points marked with an
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‘e’ and northings denoted by a dashed line with
data points marked with an ‘n’, and the regression line shown solid. The abscissa of these plots
shows the percent of sky obstruction. The ordinate
shows the 1-s estimate of the standard deviation
of the mean position residual computed over the
four samples. Although we regressed eastings and
northings separately, we plot only one regression
line because there is no evidence that the two lines
have different intercepts or slopes.
The results for GPS/GLONASS and for GPS-only
are shown in Figure 8 and Figure 9, respectively.
There is a clear trend towards less accuracy with
increasing sky obstruction. To quantify this observation, we regressed horizontal positional accuracy
in both eastings and northings (dependent variable) against percent sky obstruction (independent variable). We used a simple linear model on
the grounds of parsimony: we had no theoretical
reason to choose a more complex model so we
used the simplest model that makes sense. We note
that other researchers used a multiplicative model
(Næsset 1999; Næsset et al. 2000). However, their
regression was accuracy against occupation duration, not percent sky obstruction.
For both GPS-only and GPS/GLONASS, we
failed to reject the hypothesis that the regression
constant term is zero, a confirmation that the
positions are unbiased. The slope of the GPS-only
regression line was 2.32 millimeters per percent
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Figure 6. Station number vs. percent sky obstruction.

sky obstruction with an R2 value of 0.82. The slope
of the GPS/GLONASS regression line was 2.87
millimeters per percent sky obstruction with an R2
value of 0.77. We failed to reject the hypothesis
that these slopes are different, so based on these
data there is no evidence that the GLONASS constellation either helped or hurt the results.

Discussion
We were somewhat surprised by the high amount
of accuracy degradation observed at the heavily obstructed markers. Given the fact that we
had only four redundant measurements at each
marker, we do not have faith that our 2 mm per
percent sky obstruction would necessarily be
repeatable elsewhere. Even if our results are, for
some reason, twice higher than what would be the
norm, then survey-grade measurements of this
duration and epoch rate under closed canopies
could expect potential accuracy degradation in
the tens of centimeters. This is cause for concern
for most surveying applications. However, we
emphasize the amount of variation for the heavily obstructed markers. There is no guarantee that
the results will be off by tens of centimeters, it is
only a possibility.
Our results concerning GLONASS are opposite
those found in a similar study (Næsset et al. 2000).
However, our study is different on the following
key point. Our baselines were relatively long (see
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Table 2) compared to those used by Næsset et al.
(2000) whose baselines did not exceed seven kilometers in length. According to Pinnacle support
(Kolosov, personal communication, 1999) “[for]
long occupations (more than several hours), broadcast and precise ephemeris give vectors identical
to millimeters level (baseline was 70 km).” Errors
in the broadcast ephemerides tend to cancel over
time. Since 20-minute occupations may be too
brief for this to happen, we expected the lack of
precise ephemerides to be an obvious error source.
If this were true, we would expect to see more GPSonly fixed vectors than GPS/GLONASS and this
is not the case. Table 3 presents counts of fixed,
partially fixed, and float vectors per session for
both GPS-only and GPS/GLONASS. There are no
clear trends. Therefore, if the lack of precise ephemerides was not a factor, we would expect to see
the opposite, that GPS/GLONASS ought to show
better error statistics and have more fixed or partially fixed vectors. This is not true either so these
data support no clear conclusions beyond that the
addition of GLONASS neither helped nor hurt
the accuracy of the position measurements.

Future Work
In the near future, the NAVSTAR satellites have
be scheduled to begin broadcasting on a frequency named “L5.” This frequency was chosen
to facilitate solving the integer ambiguity problem,
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Station ID

Sky Obstruction
(%)

1

tree nw

98.78

2

tree se

98.02

3

tree ne

88.31

4

bm5143

55.37

5

lebanon

44.48

6

bm5455

42.39

7

kane

37.43

8

savin

37.29

9

bm2282

20.41

10

dutton

18.19

11

bm6518

14.86

12

raymond hill

5.610

13

bm3551

4.08

14

tydol

3.91

Table 1. Station ID and percent sky obstruction.
among other reasons (Hatch et al. 2000). Tree
stems and branches cause a great number of cycle
slips by frequently interrupting the line-of-sight
from the satellites to the ground. Cycle slips can
degrade accuracy several ways. In the worst case,
they can introduce an undetected integer wavelength bias into the solution. Less damaging is
the case when the slips are detected but cannot be
resolved, so they disrupt what would have otherwise been a relatively long contiguous sequence of
phase-related epochs into a series of disconnected
ones. The processing software must solve the
integer ambiguity problem for each disconnected
sequence separately, which increases the possibility of float solutions. Additionally, the sum of the
individuals is not as accurate as solving a single
fixed solution using all of the epochs without
cycle slips. In essence, cycle slips eliminate data,
making the effective occupation time shorter than
elapsed clock time with respect to accuracy. In any
case, the number of observations is reduced by
the amount of time the signal is blocked. It would
be interesting to repeat this experiment with L5capable receivers, both in leaf-on and leaf-off
periods to test whether L5 transmissions mitigate
this effect.
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41
64

41

64

PUGLISIS

CENTRAL

64

41

57

23

tree ne

82

24

51

17

bm5143

72

40

36

lebanon

Table 2. Baseline distances (km). Redundant distances omitted.

57

57

tree se

PLANT

tydol

bm3551

raymond hill

bm6518

dutton

bm2282

savin

kane

bm5455

lebanon

bm5143

tree ne

tree se

tree nw

tree nw

97

10

58

48

bm5455

83

41

27

30

kane

75

40

32

15

savin

88

18

57

bm2282

80

35

34

dutton

72

34

47

bm6518

75

48

22

raymond
hill

103

3

66

56

bm3551

77

60

10

tydol

Figure 7. A typical session network.

Figure 8. GPS/GLONASS accuracy vs. percent sky obstruction.
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Figure 9. GPS-only accuracy vs. percent sky obstruction.

Session

GPS/GLONASS

GPS

FL

PF

FX

Total

FL

PF

FX

Total

0

12

5

7

24

14

2

8

24

1

13

7

4

24

14

4

6

24

2

13

5

3

21

14

4

3

21

3

14

9

1

24

15

8

1

24

4

16

4

4

24

17

1

6

24

5

20

2

1

23

20

1

2

23

6

10

2

0

12

11

1

0

12

7

8

1

0

9

8

0

1

9

Total

106

35

20

161

113

21

27

161

Table 3. Count of vectors that fixed (FX), floated (FL), or partially fixed (PF) by session for GPS/GLONASS and GPS-only.
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